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Results  of  a  lialted  study  on  the  SMssurenent  of 
the  instantaneous  incresMntal  shroud  pressure  on  a  ducted 
propeller  by  Mans  of  a  piesoelectrle  transducer  are  given. 
The  instruBMntation  is  described  and  photographs  of  the 
observed  pressure  pattern  presented.  The  feasibility  of 
such  aeasuresMnts,  the  reproducibility  and  quality  of  the 
signal,  and  the  magnitude  and  decay  of  the  higher  hansonics 
over  a  range  of  advance  ratios  are  eeasdned.  ReeoasMndations 
for  future  tests  axe  outlined. 
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A  FEASIBILITY  STUDY  ON  THE  NBASUHEHBMT 
OP  THE  TIME-DEPBMDBIIT 
8HEOUD  FKB88UEE  OP  A  DUCTED  PEOPBLLIR 

IWPPPyCTIPM 

Ov«r  th«  past  t%fo  and  a  half  ysars  a  thrsa-dlmenslonal 
thsory^  for  a  flnita-bladed  ductsd  propallar  operating  in 
axial  flow  has  bsan  dsvalopad.  Primary  saiphasis  has 
boon  placsd  vqf>on  ths  msan,  or  zsroth  harmonic,  solution, 
but  this  doss  not  msan  that  ths  highsr  harmonics  ars  un> 
iaqportant.  Thsy  could  play  an  influential  rols  in  ths 
study  of  ths  problems  of  noise  generation,  structural 
vibration,  and  possible  unsteady  boundary  layer  phenomena. 
Accordingly,  it  is  felt  that  appropriate  eaqperiments  can 
provide  valuable  insight  as  to  possible  predoauLnant  bOhavior 
of  certain  harmonics  in  addition  to  estimates  of  the  magnitude 
of  their  effects. 

This  report  contains  the  results  of  a  preliminary  study 

on  the  measurement  of  the  time-dependent  shroud  pressure. 

Prior  to  the  present  test,  a  detailed  literature  search 

revealed  that  no  previous  studies  of  the  time -dependent 

shroud  pressure  on  ducted  propellers  had  been  undertaken 

although  several  investigators  have  smasured  the  chordwise 
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variation  in  static  pressure  on  the  shroud  .  The  time- 
dependent  pressure  field  of  a  free  propeller  has  received 
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somewhat  more  attentlon®"^^,  principally  from  hydrodynamiciets. 

Very  little  was  known  a  priori  regarding  preferable 
instrumentation  to  be  used  to  record  the  Incremental  pressure 
pattern.  The  basic  limitation  Imposed  upon  the  pressure 
transducer  was  one  of  size.  The  transducer  and  output  lead 
had  to  be  motmted  completely  in  the  shroud  of  the  test  model, 
the  maximum  length  available  being  approximately  1  -  l^t  in. 
for  typical  maximum  shroud  model  thicknesses.  In  addition, 
the  transducer  had  to  have  a  linear  response  up  to  several 
kilocycles  and  a  high  signal  sensitivity  in  the  low  pressure 
range.  A  thorough  study  of  available  pressure  gauges  was 
made  and  it  was  decided  that  one  with  a  piezoelectric  sensing 
element  best  fulfilled  these  requirements. 

The  specific  itmes  to  be  studied  were:  (1)  feasibility 
of  recording  the  time-dependent  shroud  pressures  with  a 
piezoelectric  gauge,  (11)  if  feasible,  the  reproducibility 
and  quality  of  the  data,  and  (ill)  qualitative  measurement 
of  the  magnitude  and  decay  of  the  harmonic  content.  Chapter 
One  contains  a  description  of  the  test  facilities,  ducted 
propeller  model.  Instrumentation,  and  test  procedure. 

Chapter  Two  presents  the  test  results  in  the  form  of  photo¬ 
graphs  of  the  observed  pressure  patterns.  Data  reproducibility 
and  quality  are  investigated  and  the  results  of  the  harmonic 
analysis  presented.  In  addition,  the  presence  of  spurious 
signals  is  examined  briefly.  Finally,  conclusions  and 
recosnendatlons  for  future  measurements  are  given. 


CIAPTBR  ONE 


TEST  PEEPAEATIOHS 


1.1  QHTal  conildTation* 

As  prsvlously  statsd,  the  primary  purpose  of  this  test 
was  the  determination  of  data  recording  and  Interpretation 
problems  associated  with  the  particular  Instrumentation 
selected  to  measure  the  time-dependent  shroud  pressure. 

On  this  basis,  the  use  of  a  readily  available  test  model 
was  dictated  and  the  variation  of  aerodynamic  and  geometric 
parameters  kept  to  a  minimum. 

1.2  Pacllltles 

The  tests  were  carried  out  In  the  south  wind  tunnel 
of  the  Subsonic  Aerodynamics  Laboratory  of  the  David  Taylor 
Model  Basin.  The  test  section  of  this  tunnel  Is  8  ft  by 
10  ft  In  cross  section  and  14  ft  long.  Further  details 
regarding  the  test  facilities  may  be  found  In  Ref.  16. 

1.3  Model 

The  model  enqployed  was  a  modified  version  of  the  Hiller 
Aircraft  high-speed  configuration  vfhlch  had  been 

used  In  previous  ducted  propeller  experimental  Investigations^^. 
The  Hiller  model  originally  was  equipped  with  contra-rotating 
propellers;  however,  the  rear  propeller  was  removed  for  this 
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test  In  order  to  provide  a  closer  correlation  between  the 
test  and  theoretical  model.  The  test  model,  mounted  In  the 
wind  tunnel.  Is  shown  In  Pig.  1.1.  The  geometry  for  the 
shroud  Is  given  In  Table  1.1,  and  that  for  the  propeller 
In  Table  1.2. 

The  model  was  powered  by  a  variable-frequency,  water- 
cooled  electric  motor  rated  at  75  hp  at  12,000  rpm.  The 
support  system  is  shown  In  Pig.  1.1.  The  shroud  Inner 
surface  at  the  propeller  plane  was  painted  with  a  conducting 
paint  to  detect  any  evidence  of  propeller-shroud  fouling  for 
shut-down . 

1.4  Instrumentation 

The  time-dependent  pressure  was  measured  by  an  Atlantic 
Research  Corporation  Model  LC-60  piezoelectric  transducer. 
The  sensing  element,  a  lead  zlrconate  crystal,  Is  relatively 
temperature  Insensitive,  has  a  high  output  sensitivity  and 
a  linear  frequency  response  up  to  several  kilocycles.  The 
transducer,  see  Pig.  1.2,  Is  0.30  In.  In  diameter  and  0.38 
in.  long  and  was  located  at  the  30^  chord  position  at  the 
top  of  the  shroud. 

The  transducer  output  was  fed  through  approximately 
34  ft  of  Mlcrodot  "Mlnlnolse"  cable  to  a  decade  preamplifier 
%#hlch  Increased  the  signal  level  by  a  factor  of  10.  The 
preamplifier  output  was  fed  to  channel  B  of  a  dual  channel 
oscilloscope  and  the  trace  photographed.  Actually,  several 


FIGURE  1.1 


TEST  MODEL 


MODIFIED  HILLER  CONFIGURATION 


TABLE  I.l 


SHROUD  SKTIOMAL  OBOMBTRy 


Ordlnattt,  In. 


Chord,  in. 

Lower 

0 

0 

0 

0.15 

0.396 

-0.182 

0.30 

0.518 

-0.250 

0.60 

0.692 

-0.311 

0.90 

0.806 

-0.331 

1.20 

0.886 

-0.329 

1.80 

0.970 

-0.293 

2.40 

0.970 

-0.251 

3.00 

0.910 

-0.209 

3.60 

0.806 

-0.167 

4.20 

0.664 

-0.126 

4.80 

0.485 

-0.084 

5.40 

0.272 

-0.021 

6.00 

0 

0 

Snction  . Nod  If  lad  MACA  6421 

Inner  Radius  at  Propeller  Plane  ....  1.001  ft 

Maximum  Thickness  ....  1.263  in.  at  30^  Chord 

Incidence  of  Chordline  .  4* 

to  Propeller  Axis 
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TABU  1.2 

BBOHLUX  OBQMRinr 


Station «  5tR^ 

Chord,  in. 

Twist,  • 

20 

1.54 

35.4 

30 

1.46 

21.2 

40 

1.37 

14.1 

50 

1.29 

9.9 

60 

1.20 

7.1 

70 

1.11 

5.0 

80 

1.03 

3.5 

90 

0.94 

2.3 

100 

0.86 

1.4 

Section . .  IIAr-6  o£  12Jt  ThicXnMS  Ratio 

Tip  Radius  . 0.997  £t 

Rub  OiaiMter  .  0.333 

PropaXlar  Flan*  . . Shroud  Chord 


FIGURE  1.2 


PIEZOELECTRIC  PRESSURE  TRANSDUCER 

traces  were  superimposed  In  each  photograph  because  facilities 
were  vinavailable  to  record  a  single  trace,  voltage  sensitivity 
of  the  transducer  calibrated  over  the  range  0-1.0  psi  was 
linear  at  0.091  volts/psl  at  the  oscilloscope. 

The  local  static  pressure  at  the  same  chordwise  station 
and  diametrically  opposite  from  the  pressure  transducer  was 
measured  in  conventional  fashion;  the  orifice  and  connecting 
tube  can  be  seen  at  the  bottom  of  the  shroud  in  Fig.  1.1. 

A  small  Miniatron  impulse  generator  was  fitted  in  the 
shroud  at  the  propeller  plane,  90. 2 ”  from  the  transducer,  to 
determine  the  instantaneous  angular  position  of  the  propeller 
relative  to  the  pressure  transducer.  A  very  fine  coating  of 
iron  filings  glued  to  the  blade  tips  activated  the  generator 
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with  each  blada  passage .  The  output  was  £ed  to  channel  A 
of  the  oscilloscope  and  slnultaneously  displayed  with  the 
instantaneous  pressure  signal. 

The  harmonic  content  of  the  time-dependent  pressure 
signal  %iras  found  by  feeding  the  transducer  output  into  a 
Oeneral  Radio  wave  analyser. 

A  schematic  diagram  of  the  instrumentation  connections 
is  depicted  in  Pig.  1.3. 

1.3  PgflCfflgre 

Pressure  readings  on  both  the  ixmer  and  outer  shroud 
sxurfaces  %fere  recorded  over  a  range  of  advance  ratio  J  , 
defined  as  the  ratio  of  the  tunnel  test  section  velocity  U 
to  the  propeller  tip  velocity  OR^  ,  from  0.14  to  0.35  • 

The  advance  ratio  was  fixed  by  setting  the  wind  tunnel 
dynamic  pressure  q  at  a  prearranged  value  and  then  adjusting 
the  propeller  angular  velocity  0  to  give  the  desired  J  . 
Several  runs  at  identical  advance  ratios  were  carried  out  at 
different  times  of  the  same  day  and  again  on  different  days 
in  order  to  ascertain  the  reproducibility  of  the  data,  one 
series  of  measurements  was  taken  at  constant  0  with  vairying 
q  ;  another  at  constant  q  with  varying  A  .  The  test 
Reynolds  nuniber,  based  on  the  shroud  chord,  varied  from 
0.2  X  10^  to  0.4  X  10^  . 

A  check  was  made  to  determine  the  magnitude  of  any 
spurious  signal.  The  transducer  %ras  sealed  off  from  the 
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kTIC  DIAGRAM  OF  IMSTRUMEMTATIOM  CO] 
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flow  fiold  by  moans  of  a  metal  disc  and  the  resultant  outqput 
%ras  measured  at  identical  running  conditions. 


CHAPTER  TMO 


RISULTS  OP  THE  TESTS 

2.1  QHTal  COMldTatioiMi 

Tha  praaantatlon  of  tha  main  points  is  bast  lllustratad 
by  savaral  typical  axanqplasr  conscMiuantly,  tha  coiaplata 
datalls  of  Individual  runs  ara  not  glvan.  As  notad  pxanrloasly, 
tha  advanea  ratio  was  tha  only  paraswtar  ohangad. 

2.2 

Tha  first  dbjactlva  of  tha  tast  «ras  to  astSbllsh  tha 
faaslblllty  of  racordlng  tha  tlnanl^pandant  shroud  prassura 
using  a  plasoalactrlc  transducar.  Photographs  of  tha  In* 
cranantal  prassura  Ap  on  tha  shroud  Innar  surfaca  takan 
at  dlffarant  tlsMs  ara  shown  In  Pig.  2.1  for  an  advanea 
ratio  of  0.20  and  In  Fig.  2.2  for  an  advance  ratio  of  0.31. 

Tha  photographs  on  tha  left  show  approxlnataly  one  coag>lata 
period  of  tha  prassura  signal.  Those  on  tha  right  have  tha 
tlsM  scale  nagnlflad  five  tlsws.  Tha  rafaranca  signal  Is 
Indicated  by  the  lower  trace  in  each  figure  and  tha  propeller 
position  Is  marked  appropriately. 

Tha  frequency  response  of  tha  transducar  Is  satisfactory 
for  tha  purposes  of  tha  as^rlmant;  that  Is,  It  follows  tha 
fluctuating  signal  wall.  Xn  addition,  tha  sensitivity  of 


12 


13 


CVJ 


c\j 

rH 

rH 


o, 

•  I 


FIGURE  2.1 

INSTANTANEOUS  INCREMENTAL  PRESSURE  PATTERN  ON  SHROUD  INNER  SURFACE 
TRANSDUCER  AT  30^  SHROUD  CHORD,  J  =  0.20,  VERTICAL  UNIT:  15-7  LB/FT 
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TRANSDUCER  AT  305^  SHROUD  CHORD,  J  =  0.31.  VERTICAL  UNIT:  15-7  LB/ET 
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th«  tranaducttr-eabl*  syatan  la  aufflciant  ao  that  axceaalve 
praampliflcatlon  o£  tha  input  to  the  oacllloacope  la  not 
required  to  produce  a  readily  recordable  output.  Examination 
of  the  recorda  indicatea  that  the  propeller  angular  poaltion 
relative  to  the  center  of  the  tranadueer  can  be  determined 
to  within  +%*. 

2.3  Keproducibilitv  and  Quality 

At  flrat  glance  the  tracea  of  Piga.  2.1  and  2.2  aean 
aoBMidiat  incoherent.  Further  examination,  though,  reveala 
that  the  more  predominant  featurea  of  the  preaaure  aignature 
for  a  given  advance  ratio  were  aatlaf actor ily  reproduced 
from  trace  to  trace,  por  example,  the  maximum  and  minimum 
peak«to-peaX  aignal  magnltudea  aa  aeen  from  the  photographa 
with  the  magnified  time  acale  rmaain  relatively  conaiatent. 
Alao,  the  baaic  frequency  of  the  aignal  in  many  of  the  runa 
apptara  to  be  twice  the  rotational  frequency  aa  anticipated. 
Finally,  there  ia  a  ahift  in  the  poaltion  of  the  relative 
aignal  maxlmuma  with  reapect  to  the  tranadueer  location  for 
a  change  in  propeller  blade  loading,  see  Fig.  2.3*  Aa  the 
propeller  loading  increaaea  with  increaaing  advance  ratio, 
we  aee  that  the  region  of  maximum  incremental  preaaure  movea 
towarda  the  tranadueer  location.  Thia  indicatea  a  change 
in  the  relative  magnitude  of  the  aine  and  coaine  componenta 
of  any  harmonic  and/or  a  change  in  the  frequency  of  the  pre- 
doadnant  harmonic. 


J  -  0.20 


J  -  0.31 


FIGURE  2.3 

SHIFT  IN  SIQHRL  NMCUfON  WITH  AOVRMCB  RATIO 


Due  to  the  fact  that  several  traces,  usually  five  or 
six,  are  super  Indeed  upon  one  another,  further  interpretation 
of  the  data  in  the  form  shown  is  rather  difficult.  However, 
with  the  aid  of  an  enlarged  negative  of  the  photographs, 
individual  pressure  patterns  may  be  identified  and  redrawn. 
This  was  done  for  run  #109-1  of  Fig.  2.2  and  the  patterns 
fitted  to  each  other  approximately  at  the  maximum  and  minimum 
signal  points;  the  result  is  shown  in  Fig.  2.4.  The  quality 
of  the  signal  now  appears  considerably  better,  aund  comparison 
with  a  trace  taken  some  minutes  later  indicates  good  agree¬ 
ment.  The  principal  discrepancy  appears  to  be  the  phase 
difference  between  signatures.  It  varies  in  a  seemingly 
random  manner  from  one  to  nine  degrees,  or  a  time  equivalent 
of  0.2  -  1.9^  of  the  time  to  travel  one  shroud  chord  length. 
Explanation  of  this  difference  is  sosMWhat  difficult. 
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Possibly  it  could  bs  dus  to  factors  such  as  fluctuations 
in  tha  tunnal  velocity,  variations  from  purs  asynmatry  in 
tha  shrotid,  or  unsteady  airfoil  phanonana.  It  does  not  appear 
to  be  a  triggering  error  since  the  reference  signals  are  con¬ 
sistently  superimposed. 

Other  minor  deviations  from  the  "average”  signal  pattern 
found  in  Pig.  2.4  suggest  that  some  si^al  not  solely  due 
to  aerodynamic  pressure  may  be  present.  As  indicated  in 
Section  1.5*  one  series  of  test  runs  was  made  %^th  the 
transducer  blocked  off  from  the  passing  air  stream  in  order 
to  detect  any  vmdesirable  signal.  The  photographs  taken 
under  these  conditions  revealed  a  random  signal  having  a 
nearly  constant  magnitude  of  approximately  one-fourth  of 
the  maximum  recorded  1/  the  transducer  in  its  normal  position 
at  Identical  running  conditions.  This  is  believed  to  be 
due  essentially  to  forces  transmitted  to  the  lead  xirconate 
crystal  through  its  mounting  from  the  vibrating  shroud. 
Unfortunately,  the  acceleration  sensitivity  characteristics 
of  the  transducer  vrhen  vibrating  both  parallel  and  perpendi¬ 
cular  to  its  axis  are  not  known.  It  Is  true,  however,  that 

1  Q 

these  transducers  are  quite  sensitive  to  accelerations, 
especially  transverse  ones. 

In  further  tests  of  this  nature,  we  would  recommend 
that  the  acceleration  sensitivity  characteristics  of  the 
individual  transducer  be  determined  independently,  as  well 
as  the  Instantaneous  shroud  acceleration  during  each  test 
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run  by  attaching  an  accalaroMtar  at  tha  transducer  location. 
If  tha  obsarvad  accalaratlons  ara  larger  than  can  be  tolerated 
without  Introducing  significant  error,  then  the  transducer 
should  be  shock  Insulated,  say  by  sosm  type  of  foam  rubber 
mounting,  or  the  shroud  and  propeller  support  systems 
decoupled. 

2.4  Bansonlc  Analysis 

Prom  the  traces  shown  In  the  figures  and  others  taken 
In  this  series,  the  maximum  asqplltude  Incremental  pressure 
appears  to  be  of  the  sasm  order  of  magnitude  as  the  dynamic 
pressure  based  on  the  tunnel  teat  section  velocity:  for 
exasqple,  at  J  ■  0.31*  q  *  20  Ib/ft^  and  Ap  »  15  Ib/ft^  . 
During  a  large  part  of  the  period  the  pressure  fluctuation 
would  of  course  be  sosmWhat  less  than  this  and  limited 
measurements  Indicate  that  the  time-dependent  pressure  on 
the  outer  surface  Is  less  than  that  on  the  Inner  surface. 
Regardless,  the  magnitude  of  these  Incremental  pressures 
warrants  careful  consideration  of  the  higher  harmonics. 

Some  results  of  the  harmonic  analysis  of  the  fluctuating 
pressure  signal  are  given  In  Table  2.1.  The  scale  reading  of 
the  first  harmonic  of  the  blade  frequency  f^  or  Sl/ir  has 
been  arbitrarily  normalised  to  unity  with  successive  values 

of  fg  "  2n/?r  ,  . adjusted  accordingly.  In  some  cases 

the  readings  for  a  particular  harmonic  varied  with  time: 
here  the  range  of  readings  is  given.  Perhaps  this  may  be 
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oorr«Iatttd  with  tha  randen  sifnala  assoeiatad  with  ahroad 
vibrations . 

No  spacific  coneluaions  ragarding  tha  variation  in 
haraonic  eontant  with  advanea  ratio  way  ba  givan.  in 
contrast  to  tasts  on  fraa  propallars^^ * ,  tha  sagnituda  of 
tha  sacond  harmonic  is  graatar  than  tha  first  and  tha 
stbsaguant  dacay  of  tha  following  harmonics  is  not  as  rapid. 
Thaoratical  pradictions  and  furthar  smasursmants  ara  naadad 
to  vari^  or  diaprova  this  prallsdnary  obaarvation. 


COMCLOSZOm 


Th«  ZMSlblllty  of  using  a  plsiosleetrle  trsasduosr 
to  rseord  ths  tlms-dspsndsnt  shroud  prsssurs  on  a  ductsd 
propsllsr  has  bsan  invsstigatsd .  Ths  rssults  show  thatt 


Ths  tschnlqus  for  ths  dstsrmination  of  ths 
Instantansous  angular  position  of  ths  propsllsr 
and  ths  frsqosncy  rssponss  and  ssnsltlvlty  of 
ths  transduesr  ars  satisfactory. 


Ths  aors  prsdonlnant  fsaturss  of  ths  prsssurs 
signal  ars  rsproduclbls«  but  ths  quality  Is 
sosMWhat  isqpalrsd  by  a  spurious  signal  of 
apprsclabls  asgnltuds.  This  signal  Is  bsllsvsd 
to  bs  dus  to  aceslsrstlOBS  transsittsd  to  ths 
transduesr  by  ths  vibrating  shroud. 


Ths  Baxlsrasi  asplltuds  of  ths  IncrssMmtal  prsssurs 
Is  of  ths  sasM  ordsr  of  nagnltuds  as  ths  dynamic 
prsssurs  of  ths  frss  strsaa.  Proa  prslladLnary 
awasursasnts,  ths  variation  of  ths  harmonic 
content  doss  not  parallsl  that  asasursd  In  frss 
propsllsr  tests. 


Further  Investigations  should  Incorporate  certain 
IsqprovsBMnts  In  ths  systsm  as  suggested  and  should  Include 
aiors  detailed  analyses  of  ths  observed  phsaoswna. 
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